ciency virus (HIV) RNA, or viral load, assays for monitoring the treatment of HIV infection is well established for adults and children and is considered standard practice in higher-resource settings [1, 2] . Such monitoring allows for identification of virological treatment failure and use of interventions to achieve virological suppression, prevent immunological deterioration, and avoid the development of drug resistance. In addition, virological monitoring can distinguish virological failure from other causes of apparent treatment failure, thus averting unnecessary changes in antiretroviral therapy [3] . Viral load assays, however, are not widely available in resource-limited settings, because they are costly and technically difficult to implement and maintain. As a result, treatment of HIV-infected children in many regions of the world has often been guided by clinical and immunological assessment alone, consistent with World Health Organization (WHO) guidelines [4] .
Although viral load before initiation of highly active antiretroviral therapy (HAART) has been established as an independent predictor of disease progression in children [5] [6] [7] , the value of routine viral load measurement in addition to immunological monitoring for prediction of new HIV-related clinical events in children receiving HAART has not been clearly demonstrated.
The objective of the present analysis was to assess the independent contribution of viral load in predicting the occurrence of new WHO stage 3 or 4 events among a cohort of perinatally HIV-infected Latin American children receiving continuous HAART who were enrolled in the NISDI (Eunice Kennedy Shriver National Institute of Child Health and Human Development [NICHD] International Site Development Initiative) study.
METHODS
The NISDI Pediatric Protocol is an ongoing prospective cohort study of HIV-infected and HIV-exposed uninfected children at multiple clinical sites in Latin America. HIV-infected infants, children, and adolescents (р21 years old) enrolled from September 2002 until April 2007 were included in this analysis. A more detailed description of the protocol and cohort has been published elsewhere [8] .
At enrollment into the NISDI study, demographic, laboratory (CD4 T lymphocyte values, viral load, and results of hematology and chemistry assays), and clinical data were systematically collected. Clinical information included history of antiretroviral and other medications, history of prior infections since birth, and current growth parameters. Standardized criteria developed by the Pediatric AIDS Clinical Trials Group for diagnosing specific diseases were modified as necessary for application to the NISDI protocol (http://www.fstrf.org/appendix40/app40 .html).
All enrolled children were medically evaluated in a standardized fashion at baseline and every 6 months thereafter, including assignment of Centers for Disease Control and Prevention (CDC) HIV disease classification, report of interim infections and diagnoses, laboratory assessments (same as baseline), and growth parameters. Food and Drug Administrationapproved assays were used to perform viral load testing at the sites, in accordance with manufacturer instructions; results were made available to the treating clinician.
Perinatally HIV-infected children who had been treated with HAART regimens continuously for at least 6 months were eligible for inclusion in this analysis. HAART was defined as at least 3 different drugs from at least 2 classes: nucleoside reversetranscriptase inhibitors, protease inhibitors, and nonnucleoside reverse-transcriptase inhibitors. Eligibility could occur as early as the day of enrollment into the NISDI study or when a subject reached 6 months of continuous HAART during the study.
Only new WHO stage 3 or 4 events (hereafter, WHO events) [9] occurring after eligibility for the analysis were considered as outcomes. WHO-defined outcomes were used because this is the classification system used in Latin American countries. Because WHO definitions for stage 3 and 4 events change slightly after the age of 15 years, the analyses were restricted to subjects !15 years old at the time of eligibility, and subjects were censored once they reached this age. Because the NISDI protocol used the CDC HIV disease classification system and data that were required for reclassification according to WHO criteria were often missing for events occurring before enrollment, only the CDC classification (instead of the WHO classification) was used for preentry clinical staging.
Immunological status defined on the basis of CD4 T lymphocyte values (hereafter, CD4-defined immunological status) was categorized using age-related WHO immunological classification as severe, advanced, mild, or no (or nonsignificant) immunosuppression (http://www.searo.who.int/LinkFiles/Publications _7.hiv.pdf). An algorithm from the WHO (AnthroPlus; http:// www.who.int/growthref/en/) was used to convert anthropometric data at eligibility into age-and sex-adjusted z scores: heightfor-age and body mass index (BMI) z scores for all children and weight-for-age z scores for children р10 years old (AnthroPlus did not have conversion tables for children 110 years old).
For statistical analysis, the primary outcome measure was the first occurrence of a new WHO event after the time of eligibility for this analysis; events occurring before or at eligibility were not counted, nor were those that were present at eligibility that continued to be reported at subsequent visits. Simple descriptive statistics were used to describe WHO events. Bivariable analyses (the Wilcoxon rank-sum test for continuous variables or the Fisher exact test for categorical variables) were used to examine the association between new WHO events and characteristics assessed at the time of study eligibility.
Cox proportional hazards modeling was used to assess the time to WHO events as a function of CD4-defined immunological status, viral load, and hemoglobin level. Because these laboratory measures were assessed repeatedly over the course of follow-up, they were treated as time-varying predictors; laboratory values had to be obtained at least 14 days before the WHO event (since these measures can be transiently affected by an intercurrent infection) and no more than 183 days before the WHO event (since study visits occurred at 6-month intervals). Covariates associated with the occurrence of WHO events at an a level of р0.2 in bivariable analyses were identified as potential confounders and considered as candidates for inclusion in the modeling. Subjects were censored for interruption of HAART of 7 days or more, at the time of the first WHO event, or at the time of their 15th birthday, whichever occurred first. In separate models, viral load was treated as a continuous measure, as a dichotomous indicator measure for detectable versus nondetectable level (у400 vs !400 copies/mL), and as a dichotomous measure using the most recent WHO virological definition for confirmation of treatment failure (15000 vs р5000 copies/mL) [10] . The possibility of an interaction between CD4-defined immunological status and each coding system for viral load was investigated.
All analyses were conducted using SAS software, version 9.0 (SAS Institute). Among those eligible for this analysis, 63% were born in Brazil, 46% were male, and 37% were !5 years old at the time of eligibility; 69% had been receiving continuous HAART regimens for at least 6 months at the time of enrollment into the NISDI study and thus were immediately eligible for this analysis ( Table 1 ). The mean duration of follow-up after meeting eligibility for this analysis was 2.5 years (median, 2.7 years). Ninety-two (15.8%) of the 584 eligible subjects experienced a WHO event during follow-up; of the 92 events, 73 (79%) were classified as WHO stage 3. The most commonly reported WHO events were oral candidiasis ( ), unexplained diarrhea n p 17 lasting 14 days or more ( ), recurrent pneumonia n p 17 ( ), low weight-for-age z score ( ), and unexplained n p 14 n p 14 anemia, neutropenia, or thrombocytopenia ( ) (Table 2) . n p 8 Weight-for-age z score, CD4-defined immunosuppression, viral load, hemoglobin level, and CDC disease classification at eligibility were significantly associated with the risk of a new WHO event ( ) (Table 1 ). Mean length of continuous HAART P ! .01 at eligibility did not differ between those who later experienced a WHO event and those who did not (2.1 years for both groups;
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). Of those not experiencing a new WHO event, 27 were P p .6 censored at the time of interruption of HAART, and 1 was censored at the time the subject withdrew consent. Overall, new WHO events occurred at a median time from eligibility of 1 year (range, 4 days to 3.9 years); subjects who did not experience a new WHO event were followed up for a median duration of 3.2 years (range, 1 day to 5 years). Twenty-one percent of subjects had at least one regimen change during follow-up; viral load before regimen change was 15000 copies/ mL in 70% and did not differ between those who did and those who did not go on to experience a new WHO event.
Proportional hazard modeling found no evidence of an interaction between CD4-defined immunological status and viral load. Models then examined the independent effect of immunological status, viral load, and hemoglobin level, with adjustment for candidate covariates, including age, BMI z score, CDC classification, and current HAART regimen. Country of birth was not included in the models because the small number of WHO events observed for most countries would prevent the models from running successfully. Because WHO weight-forage z scores are not available beyond 10 years of age, BMI z scores were substituted in the modeling.
In the model using the WHO virological definition of treatment failure (15000 vs р5000 copies/mL), participants with severe (adjusted hazard ratio [AHR], 3.37; 95% confidence interval [CI], 1.66-6.84) or mild/advanced (AHR, 2.39; 95% CI, 1.34-4.25) immunosuppression had a significantly increased risk of developing a WHO event, compared with those with no significant immunosuppression ( ) (Table 3 ). In the P p .001 presence of CD4-defined immunological status, viral load and hemoglobin level made significant independent contributions to predicting the occurrence of new WHO events. A viral load 15000 copies/mL was associated with a nearly 2-fold increased risk of developing a new WHO event (AHR, 1.81; 95% CI, 1.05-3.11;
). Each 1 g/dL decrease in hemoglobin level P p .033 was associated with a 32% increased likelihood of developing a new WHO event (AHR, 1.32; 95% CI, 1.11-1.56;
). P p .002 The model also adjusted for BMI z score and age.
A similar modeling approach was used with viral load treated as a continuous measure (log 10 transformed to address the skewness of the distribution) and with a viral load cut point of 400 copies/mL (ie, detectable vs undetectable) ( Table 3 ). Each 0.5 log 10 increase in viral load retained a modest but significant independent effect on predicting WHO events (AHR, 1.14; 95% CI, 1.03-1.27). The AHR for detectable viral load was significantly elevated when hemoglobin level was not included in the model (data not shown) but was no longer independently associated with predicting WHO events in the presence of hemoglobin level (AHR, 1.61; 95% CI, 0.88-2.96; ). A P p .123 1 g/dL decrease in hemoglobin level was statistically associated with subsequent new WHO events in all 3 models, even after controlling for CD4-defined immunological status and viral load.
DISCUSSION
In this large cohort of perinatally HIV-infected Latin American children receiving HAART for at least 6 months, most recent viral load, particularly with a threshold of 15000 copies/mL, was an independent predictor of WHO stage 3 and 4 events, even after adjusting for most recent CD4-defined immunosuppression, hemoglobin level, and other cofactors. This analysis supports the clinical value of routine virological monitoring in children receiving HAART and adds pediatric data to the growing body of evidence from studies in adults for the need to make routine virological monitoring available in all HIV treatment settings [11, 12] . HAART has led to dramatic reductions in mortality and illness in adults and children worldwide [13] [14] [15] , but several factors contribute to the persistent risk of poor outcomes despite HAART. During the first months after HAART initiation, when preexisting immunosuppression and (often) malnutrition have not yet been corrected, illness and death remain major problems [16, 17] . In addition, during the first 3-6 months of therapy immune reconstitution inflammatory syndrome (IRIS), which is often related to mycobacterial infections, are common causes of clinical illness [18] . In this study, all subjects had received at least 6 months of continuous HAART; thus, the observed illness events would not be attributable to the expected persistent risk of elevated morbidity during the early treatment period or misclassification of IRIS events. Instead, the WHO events that occurred among the nearly 16% of children in this Latin American cohort are most likely the result of treatment failure due to the reduction of ART effectiveness by nonadherence, drug resistance, less potent regimens, or a combination of these factors.
The goal of monitoring children receiving HAART should be to detect evidence of treatment failure as early as possible and to identify children at increased risk of HIV-related clinical illnesses and immunological decline before these events occur. However, in resource-limited settings where virological testing is not widely available, prediction of virological failure by clinical and immunological assessments alone lacks sensitivity and specificity [3, 19, 20] . Lack of routine virological monitoring in these settings may thus impair or delay the recognition of treatment failure until untoward clinical events or substantial drug resistance occur [21] . In the present study, routine virological monitoring at 6-month intervals was available through the research protocol. At eligibility for this analysis, 62% of children continued to have detectable viremia (у400 copies/ mL), and 42% met the current WHO definition of virological treatment failure (15000 copies/mL) despite receiving at least 6 months of HAART, although successful treatment should have achieved virological suppression. Although 6 months was the minimum duration of HAART required for eligibility, most children had been receiving HAART for substantially longer (mean, 2.1 years); in addition, most children had prior treatment experience, with only 30% receiving their first HAART regimen at eligibility. These factors likely contributed to the relatively high rate of observed virological failure at baseline, compared with that in other pediatric cohort studies [14, 15] . The trend for younger age to be associated with greater risk of WHO events did not persist in multivariable analysis but deserves further investigation in future studies. As expected, CD4-defined immunosuppression was a strong independent predictor for serious HIV-related illness events for children receiving HAART. However, viral load was also independently associated with serious clinical events. Viral load did not simply predict a decline in CD4 T lymphocyte values in the path to clinical disease; rather, viral load predicted clinical illness, even after taking CD4-defined immunosuppression and other factors into account, indicating that viral load combined with CD4 T lymphocyte values performs better than CD4 T lymphocyte values alone for identifying children receiving HAART who are at higher risk for clinical illness. This observation, similar to findings in adults receiving treatment [22] [23] [24] [25] , provides additional justification for promoting the availability of viral load monitoring of children receiving HAART in resource-limited settings: routine viral load monitoring added to immunological monitoring would increase the ability of medical providers to identify children receiving HAART at highest risk of clinical complications, to focus efforts to improve medication adherence in those children with virological failure, and to evaluate the need for a new HAART regimen. Hemoglobin level at eligibility was associated with subsequent WHO events, and most recent hemoglobin level was an independent predictor of the risk of WHO events. Anemia is a well-described risk factor for increased morbidity and mortality in adults and children initiating HAART [17, 26, 27] and in adults already receiving treatment [24] . However, this analysis offers evidence that hemoglobin level is an important predictor of increased risk of HIV-related illness in children already receiving continuous HAART, despite the very low rate of moderate or severe anemia (1.4% with grade 2 anemia or higher). In fact, each 1 g/dL decrease in hemoglobin level was associated with up to a 33% increased risk of experiencing a WHO event. Additional studies are warranted to explore the potential value of hemoglobin monitoring, given that this widely available test may offer predictive value for children receiving HAART even in the absence of frank anemia.
In resource-rich settings where virological monitoring is routine, virological failure is suspected when patients receiving HAART have repeatedly detectable viral load measurements, often defined in studies as у400 copies/mL but more commonly defined in clinical guidelines as у50-200 copies/mL [1, 2] . The current WHO guidelines recommend using a viral load of 15000 copies/mL as virological confirmation of treatment failure for patients receiving HAART in resource-limited settings where viral load testing is possible [10] . In the present analysis, having a detectable viral load (у400 copies/mL) was not independently associated with an increased risk of HIV- related illnesses when CD4-defined immunosuppression and hemoglobin level were taken into account, but viral load at the WHO definition of virological failure was independently predictive for identifying children at increased risk of HIV-related illness, even after adjusting for these factors. These results suggest that routine measurements of CD4 T lymphocytes and hemoglobin, combined with ability to detect a viral load 15000 copies/mL, would constitute an effective approach to monitoring children receiving HAART for clinically relevant treatment failure. The ability to detect viral load at a level of 15000 copies/mL, unlike virological detection at thresholds of 50 or even 400 copies/mL, may be more readily attainable with quantitative RNA assays from dried blood spots, making this approach to virological monitoring for treatment failure more feasible in a broad range of resource-limited settings [28] . There are limitations to this observational study. Protocoldefined laboratory monitoring was limited to every 6 months, which may not allow for detection of potential changes in viral load, CD4 T lymphocyte values, and other parameters closer in time to the WHO event. Most HAART regimen changes were preceded by a viral load 15000 copies/mL, suggesting that treating clinicians may have intervened on the basis of the results of protocol-performed viral load testing, potentially leading to an underestimate of the contribution of viral load observed in our study for predicting significant clinical events. Drug resistance testing was not available in this study to inform reasons for virological failure or guide clinician management of patients with treatment failure. Reported WHO-defined events often rely on clinical diagnoses without laboratory confirmation. Although information on HAART was prospectively collected once children were enrolled in the NISDI study, information on HAART used before enrollment was abstracted from medical records and may have been less reliable.
The findings of this analysis support efforts to include routine virological monitoring with assays capable of detecting HIV RNA levels at the WHO-defined virological failure threshold of 15000 copies/mL for children receiving HAART in all settings. At a minimum, twice-yearly monitoring, as done in the NISDI study, would be recommended. The ability to detect virological failure, combined with immunological and other routine clinical monitoring, will serve to identify those children at increased risk of significant HIV-related illnesses and should assist in determining early and appropriate interventions to improve clinical outcomes in children receiving HAART.
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